The contractile response of papillary muscles, isolated from normal cats, to prolonged administration of halothane at minimum alveolar anaesthetic concentration (MAC) was studied. Average values of maximal velocity of shortening (V^^) and maximal developed force (F m ) obtained in 12 muscles during the 1st, 2nd and 3rd hour of exposure to halothane anaesthesia were significantly less than those obtained during the control period and after recovery from halothane. There were no significant differences in values over a 3-h period. When post-extra-systolic potentiation was induced by paired electric stimulation, average values of V max and F m increased significantly. We conclude that prolonged administration of halothane at a constant concentration resulted in a sustained depression of myocardial contractility without tissue tolerance. The myocardium depressed by halothane, however, still retains the ability to respond to additional inotropic stimulation.
McGregor and associates (1958) observed that initial decreases in cardiac output during a constant level of halothane anaesthesia in children were followed by a gradual return toward normal. A similar return of cardiac output towards normal after prolonged exposure to halothane has been reported by others (Deutsch et al., 1962; Eger et al., 1970) . These findings might be a result of either an increase in tissue tolerance or an increase in myocardial contractility, perhaps reflexly mediated. However, interpretation has been limited by the difficulties inherent in separating haemodynamic effects of the anaesthetic from those of the basal, mechanical function of cardiac muscle .
The present study was designed to explore the question as to whether the depressed myocardial contractility which occurs early in the administration of halothane (Sugai, Shimosato and Etsten, 1968) returns toward control during prolonged administration of the anaesthetic. In addition, the reserve power of myocardial muscle exposed to halothane was evaluated by means of superimposed inotropic stimulation produced by paired electric stimulation.
METHODS
Papillary muscles prepared from the right ventricle of the cat as described previously (Sugai, Shimosato and Etsten, 1968; Kemmotsu, Hashimoto and Shimosato, 1973) were suspended in a muscle bath containing Krebs-Henseleit solution with 0.1% dextrose, bubbled with 95% oxygen and 5% carbon dioxide and maintained at a temperature of 32 °C.
The muscles were stimulated with square-wave pulses of 5-ms duration at a frequency of 0.2 Hz at a voltage 20% above threshold, delivered through platinum field electrodes (0.5 x 2.0 cm) parallel with the muscle. When the effects of paired electrical stimulation were determined, 12 pairs of stimuli per minute, resulting in 12 effective contractions per minute were employed; the interstimulus interval did not exceed the muscle's effective refractory period by more than 20 ms.
The initial muscle length before contraction was set by a small weight (preload: < 0.4 g mm"
2 ) which was constant during the entire experiment for each cardiac muscle. A series of isotonic contractions was produced by increasing the load (afterload) in a stepwise manner until the muscle was unable to shorten and maximal isometric force (F^ was reached.
Measurements of force of contraction and changes in muscle length, along with their derivatives relative to time, were recorded on a multi-channel oscillograph (Hewlett-Packard 7700 series) at a paper speed of 100 mm s -1 , together with stimulation artefact. Net shortening (AL in mm) was converted to muscle lengths per contraction (ML) by dividing muscle length at any given load by initial muscle strength. In this study, the velocity of shortening at 0.4 g mm" 2 (F 0 . 4 ) was used to approximate the value to the maximal velocity of shortening (F max ) to avoid the errors inherent in extrapolation to zero load. TTF m (ms) was the time from the beginning of force development to peak force (F m ) during isometric contraction. This reflects how long the active state (the force development at constant contractile element length, a mechanical measurement of the chemical processes that take place within the contractile machinery of the activated muscle) persists during contraction . Velocity of shortening was expressed in units of muscle length per second (ML s" 1 ), while force was expressed in grams per unit of cross-sectional area (g mm~2).
After equilibration for at least 2 h, the following control measurements were made: F 0 . 4 (ML s" 1 );
2 ). (ML), calculated as the product of force development and the velocity of shortening; TTF m (ms).
Halothane was administered to the muscle using the method described previously (Sugai, Shimosato and Etsten, 1968) . Halothane was vaporized using a Fluotec vaporizer (model M2) with a mixture of 95% oxygen and 5% carbon dioxide. The gas mixture was bubbled into the bathing solution in a reservoir bottle. Halothane concentration in the muscle bath was determined by gas chromatography. Determinations of the above components of muscle mechanics were repeated every hour for 3 h. Halothane was then discontinued and back control measurements were made. In three muscle preparations, paired electric stimulation (PES) was applied at the 3rd hour of halothane administration, and measurements were repeated. In three additional muscles, the study programme was carried out without adding halothane to the bath solution in order to assess the possible effect of time on muscle mechanics in our preparation.
All results have been expressed as mean values with the standard error of the mean unless stated otherwise. Student's t test for paired and unpaired data was used for statistical analysis. The levels of significance used were P<0.05 to P<0.02, probably significant; P<0.01, significant.
RESULTS

Effect of duration of study
When the mechanics of muscular contraction were studied at 1-h intervals for a 4-h period in three papillary muscles without administration of halothane, it was found that mean values of each component of muscular contraction remained unchanged (table I) .
When the baths were completely rinsed following 3-h halothane study and back control observations were made, it was found that values of each component of muscle mechanics did not differ significantly from those of the control period.
Response to halothane
Administration of halothane in a concentration equivalent to minimal alveolar anaesthetic concentration (MAC) (mean anaesthetic concentration in the perfusate: 4.73 + 0.08 mg dl" 1 ) caused significant decreases in K max , F m , max dFjdt, maximum work and power (P<0.01) (table II) . Mean percentage changes in V m&x were -41.8 + 6.3 at the 1st hour (1 h), -42.5 ± 5.9 at the 2nd hour (2 h) and -43.4 ± 5.5 at the 3rd hour (3 h) of halothane administration. Per cent changes in F m during 1 h, 2 h and 3 h of halothane administration averaged -52.5 ±5.4, -51.4+5.3 and -51.2 + 4.5 respectively. Mean decreases in max dFjdt during 1 h, 2 h, 3 h of halothane administration were -59.7 + 6.8%, -60.2 + 5.2% and -55.3 ±6.5% respectively. Changes in average values of maximum work and maximum power during 1 h, 2 h and 3 h of halothane administration were similar to those in F 0 . 4 halothane anaesthesia were decreased significantly (table II) . There were no significant differences in mean values of mechanical indices of muscular contraction obtained during the entire 3-h period of halothane administration (P> 0.05).
Response to paired electrical stimulation
The effects of the sustained post-extra-systolic potentiation produced by paired electrical stimulation (PES) on the maximal velocity of shortening (F 0 . 4 ) and maximal developed force (F m ) before and during halothane administration are shown in figure 1 .
The average increments in F 0 . 4 and F m produced by PES at 3 h of halothane administration were 84.4 + 22.1% and 68.9+14.6% respectively. These values did not differ significantly (/ > >0.1) from values obtained during the control state. There were also concomitant increases in work and power when PES was applied.
DISCUSSION
The present study showed that halothane evoked a direct negative inotropic action on isolated right ventricular papillary muscles of cats. These findings were consistent with those of previous studies (Nayler, 1959; Sugai, Shimosato and Etsten, 1968; Shimosato and Etsten, 1969; Shimosato et al., 1973) . Furthermore, we found in the present study that a prolonged administration of halothane at a constant concentration (MAC) resulted in a sustained depression of myocardial contractility (table I) . Contrary to findings in intact human subjects, the depressed contractility of the isolated heart muscle did not show any tendency to return toward control during prolonged administration of the anaesthetic. Katz (1976) showed that myocardial contractility can be regulated by two types of control mechanism: a "tonic" mechanism and a "phasic" mechanism. A long-term and relatively slowly-evolving alteration in myocardial cellular control can be considered to represent a "tonic" control mechanism. The tonic control mechanism modifies the rate of the interactions between actin and myosin cross-bridges. The "phasic" control mechanism can modify myocardial contractility from beat to beat. Variations in the amount of calcium delivered to the contractile proteins influence the number of active actinmyosin interactions.
Price suggested that halothane limits the availability of Ca 2+ to the contractile proteins and interferes with the response of these proteins to Ca 2+ after their arrival at the contractile site (Price, 1974) . Wood, Heppner and Weidmann (1969) studied the interaction between the calcium movements during excitation-contraction coupling and inotropic effects. They suggested that the concentration of intracellular calcium bound to specific sites on the sarcoplasmic reticulum before contraction is a major determinant of the concentrations of Ca 2+ attained during the initial phase of an action potential and hence the force developed by cardiac muscles. They also suggested that the amount of intracellular calcium present at these contractile sites at any instant after an action potential-the moment-tomoment inotropic state of the muscle-is inversely related to the intersystolic intervals of previous systoles.
Although the exact mechanism by which halothane causes a direct negative inotropic effect on the myofibrils is unknown, it seems reasonable to state that halothane interferes with the process responsible for the delivery of calcium to the contractile proteins. The reduced contractility produced by halothane may be a result of decreases in the quantity of calcium delivered for binding to troponin, the regulating protein. Improvements of halothaneinduced myocardial contractility by post-extra-systolic potentiation may be the result of increases in the intracellular calcium. The significant reduction in TTF m may indicate that the duration of the active state may also be decreased, suggesting some changes in the chemical processes taking place in the contractile machinery.
PERFORMANCE CARDIAQUE PENDANT L'ANESTHESIE PROLONGEE D'UN CHAT A L'AIDE D'HALOTHANE
Etude sur des muscles prileves sur le cceur RESUME On a fait une etude sur la reaction contractile des muscles papillaires, preleves sur des chats normaux, a radministration prolongee d'halothane a une concentration anesthesique alveolaire minimale (MAC). Les valeurs moyennes de la vitesse maximale du racourcissement (K^^) et de la force maximale developpee (fmaj) obtenues sur 12 muscles pendant 1, 2 et 3 h d'exposition a une anesthesie par l'halothane ont ete nettemment inferieures a celles obtenues pendant la periode de controle et apres recuperation des effets de l'halothane. II n'y a pas eu de differences importantes dans les valeurs pendant toute la periode de 3 h. Lorsqu'on a provoque, par stimulation electrique appariee, la potentiation post-extra-systolique, les valeurs moyennes de ^max et ^max ont augmente d'une maniere significative. Nous en concluons que l'administration prolongee d'halothane a une concentration constante entraine une depression continue de la contractilite du myocarde sans tolerance des tissus. Le myocarde deprime par l'halothane conserve, neanmoins, la possibility de reagir a la stimulation inotropique supplementaire. 
SUMARIO
Se estudio la respuesta contractil de los miisculos papilares, aislados de gatos normales, ante la administracion de halotano a una minima concentracion anestesica alveolar (MAC). Los valores medios de la velocidad maxima de acortamiento (K max ) y velocidad maxima de desarrollo C^max) obtenidos en 12 musculos durante la primera, segunda y tercera hora de exposition a la anestesia de halotano fueron significativamente inferiores a aquellos obtenidos durante el periodo de control y despues de la recuperation del halotano. No se produjeron diferencias significativas en valores durante un periodo de 3 h. Cuando se introdujo una potenciacion post-extra-sistolica mediante estimulo electrico pareado, los valores medios de K^x y F aUix aumentaron significativamente. Concluimos que la administracion prolongada de halotano a una concentracion constante causo la depresion constante de la contractilidad del miocardio sin tolerancia del tejido. Sin embargo, el miocardio deprimido por halotano retiene la habilidad de responder al estimulo inotropico adicional.
